The human intestine harbors a large number of bacteria that are constantly interacting with the intestinal immune system, eliciting non-pathological basal level immune responses. Increasing evidence points
Introduction
The mammalian gastrointestinal tract is colonized by a diverse microbial population. Having a symbiotic relationship with the host, the microbiota play a pivotal role in both physiological and pathophysiological conditions. In the human gut, a constant homeostasis is maintained by the stringent regulation of microbial load and the immune response generated against it. In a healthy state, these colonized bacteria play an important role in host metabolism. When the epithelial barrier is disrupted, however, they induce an uncontrolled inflammatory condition. Breakdown of this balance by dysbiosis or dysregulation of immune responses may increase susceptibility to chronic inflammatory conditions like Crohn's disease (CD) [1] [2] [3] .
Invasion of microbes into the host tissue is detected by a family of highly conserved receptors called pattern recognition receptors (PRRs) [4] . PRRs sense signature patterns associated with microbes, frequently termed pathogenassociated molecular patterns (PAMPs) [4] , and prepare the host to combat the invasion. Two major groups of PRRs are cell surface and endosomal Toll-like receptors (TLRs) and cytoplasmic nucleotide-binding domain, leucine-rich repeats (NLR) proteins. Among the NLRs, NOD2 was found to be strongly associated with ileal CD in humans [5, 6] . Although the mechanism by which NOD2 contributes to CD pathogenesis is not fully known, loss-of-function Nod2 mutations have been suggested to alter host-microbial interactions by various mechanisms [7, 8] .
Nod2, a member of the NLR family NLR proteins in the cytoplasm, consisting of 22 members in humans and about 34 in mice, are prevalent on a wide variety of cells, including immune and epithelial cells [9] . NLR proteins play an important role in the recognition of and host defense against pathogens or extracellular danger signals [10] . These proteins are characterized by a tripartite domain structure [11] . They have a centrally located NACHT domain (present in neuronal apoptosis inhibitor protein (NAIP), the major histocompatibility complex class II transactivator (CIITA), HET-E, and TP1), involved in oligomerization and activation [12, 13] . At the C-terminus they contain leucine-rich repeats (LRRs) acting as sensors of PAMPs, and at the N-terminus they have a variable effector domain. The latter can consist of either caspase recruitment domain (CARD), pyrin domain (also known as PAAD, PYD, or DAPIN) [14] [15] [16] [17] [18] [19] [20] , acidic domain, or baculovirus inhibitor repeat domains [21, 22] .
Nod1 and Nod2 were the first NLRs reported to function as intracellular microbial recognition molecules. Both belong to the CARD subfamily of NLRs (NLRC or NLR family CARD domain containing), with Nod2 having two CARDs at the N terminus [23] [24] [25] . Unlike Nod1, the expression of Nod2 is restricted mainly to dendritic cells [26] , macrophages [25] , Paneth cells [27] , and intestinal, lung, and oral epithelial cells [28] [29] [30] . Nod2 is also expressed at low levels in T cells [31] . Nod2 confers resistance to a wide variety of bacteria as it recognizes muramyl dipeptide (MDP), which consists of N-acetyl muramic acid-L -Ala-D -Glu, a moiety shared by both Gram-positive and Gram-negative bacteria cell wall [32, 33] . Interestingly, despite the presence of peptidoglycans, not all bacterial species can elicit a strong Nod2 response [34] , suggesting a specificity of Nod2 towards bacterial stimuli. Despite the fact that the exact mechanism behind Nod2 activation is still unknown, a current model hints at a similarity to that of APAF-1, a CARD-and NBD-containing protein required for programmed cell death through a mitochondria-dependent pathway [35] . Under steady state, Nod2 is restrained in an inactive conformation through autoinhibition of the NACHT domain by the LRRs. Experimentally, it has been shown that the C-terminal LRR fragment of Nod2 interacts with the N-terminal CARD-NACHT fragment when they are co-expressed in cells. This interaction is disrupted in the presence of MDP [36, 37] . After ligand recognition, Nod2 undergoes a conformational change and oligomerization of the NACHT domain. This leads to the exposure of the CARD domain and recruitment of the serine-threonine kinase RIP2 (also known as RICK/CARDIAK/RIP2K) through CARD/CARD interactions [24, 25] . Upon activation, RIP2 switches on the downstream NF-κB and MAPK signaling cascades. RIP2 activates IKK, either directly or by recruitment of the transformation growth factor β-activated kinase (TGF-β-activated kinase 1 (TAKI)), leading to the phosphorylation and subsequent degradation of IκB and resulting in the release and nuclear translocation of NF-κB [38, 39] . These pathways culminate in the induction of proinflammatory cytokines and chemokines (Fig. 1) . The MAPK pathway is also activated by RIP2 and TAK1, although the details of this pathway remain to be elucidated [40] [41] [42] . Several proteins such as the nuclear protein GRIM 19, a PDZ domain and LRR containing protein Erbin, TAK1, and the GTPaseactivating protein Centaurin β1 were proposed to have role in the regulation of Nod2 signaling, but their involvement is not yet understood. Erbin has also been proposed to have a negative regulatory role on Nod2 activation. It has been shown to interact with the CARD domain of Nod2 and inhibit MDP-mediated NF-κB activation [43, 44] . Crosstalk between Nod2 and commensal bacterial flora
The mammalian intestinal tract can be presented as an ideal model of mutualism, where homeostasis is maintained by the peaceful coexistence between the host immune system and the intestinal microbial flora. The system has evolved and has been perfected over the ages to allow both host and microbiota to benefit from this balanced relationship [45] . The bacterial flora is assured of a stable habitat, and in exchange it aids host metabolic pathways with an array of enzymes and other bacterial products. Moreover, the commensal microbiota competes with pathogenic invaders and thus wards off the latter from colonizing the host intestinal tract [45, 46] . Intestinal commensals also help in the development and maturation of the host immune system, as evident from the poorly developed systemic and mucosal immune systems in germ-free animals [47] [48] [49] . This not only protects the host from pathogenic intruders but also plays an essential role in keeping the commensal load under check. Nod2 has recently gained much attention as a component of the host immune system that plays a crucial role in regulating host-microbial interaction [50] .
Compared with the large intestine, the small intestine harbors a significantly lower number of bacteria, and the anti-bacterial function of crypts in the small intestine may be a major contributing factor. In fact, Paneth cells, specialized secretory epithelial cells of the small intestinal crypts, synthesize and secrete several anti-microbial peptides [51, 52] , and express Nod2 at high levels [53] . We have shown that Nod2 is an important regulator of crypt anti-microbial function [50] . The Nod2 ligand, MDP, was found to effectively induce the bactericidal activity of crypts. Isolated crypts, when incubated in the presence of active forms of MDP, and not its inactive chiral isomer MDP DD or MDP LL , induced effective killing of both Grampositive and Gram-negative bacteria in a bacterial-killing assay. Although MyD88, a downstream adaptor of TLR, is important for the Paneth cell function and transcription of MyD88-dependent anti-microbial compounds [54] , MDPinduced bactericidal activity is independent of the TLRMyD88 pathway, as MyD88-deficient crypts efficiently kill bacteria upon MDP stimulation. The role of Nod2 in antimicrobial activity of crypts was further confirmed by the obliteration of bacterial killing in Nod2-and Rip2-deficient mice. Nod2-deficient crypts stimulated with MDP or a nonspecific inducer of secretion, carbamylcholine (CCH), could not induce effective bacterial-killing activity. Deletion of Nod2 affects the killing of both Gram-negative and Gram-positive bacteria, as confirmed by performing the killing assay on three different bacterial strains: Escherichia coli, Salmonella typhimurium, and Listeria monocytogenes. The effect of Nod2 is not specific to MDP-induced signaling and may rather be a general effect on Paneth cell secretion or composition, since Nod2-deficient crypts were unable to kill bacteria efficiently even upon CCH stimulation, a nonspecific inducer of secretion. Deletion of Rip2, a downstream kinase of Nod2, also showed a reduced ability to kill bacteria, indicating that the Nod2-Rip2 signaling pathway regulates the function of Paneth cells.
Bacteroides, Firmicutes, Proteobacteria, and Actinobacteria comprise 99% of the commensal microbial flora [2] , and their load is regulated by multitude of factors such as genetic background, diet, and interaction between commensal and pathogenic bacteria [55] . Looking at animals sharing a congenic C57BL/6 genetic background, the same parents, the same cages and the same diet, there was a significant rise in the amount of Bacteroides, Firmicutes, and Bacillus in the terminal ileum of Nod2-deficient mice compared with wild-type littermate controls. Such differences were, however, less evident in the feces, probably because the expression of Nod2 is localized to Paneth cells, which are mainly localized in the terminal ileum [53, 56] , and Nod2-mediated control has little effect on the regulation of bacterial load in the lower colon. Another study did observe differences in the Bacteroides content of feces in addition to the terminal ileum [57] , suggesting that perhaps the effects in the terminal ileum may extend to the colon, although those differences are significantly less pronounced in feces than in the ileum [57] . These observations unambiguously delineate the role of Nod2 in the management of bacterial flora in the terminal ileum. Nod2 not only regulates the colonization of commensal bacteria but also suppresses the load of pathogenic bacteria in the terminal ileum. Inoculation with the opportunistic pathogen Helicobacter hepaticus resulted in a much higher bacterial load in both the terminal ileum and feces of Nod2-deficient mice, which showed poor bacterial clearing capacity compared with wild-type controls. However, this regulation is not merely a one-sided affair. While Nod2 plays a vital role in regulating intestinal microbiota, commensal bacteria in the gut also play a part in controlling the expression of Nod2 and Rip2. This is evident from the poor expression profiles of these genes in germ-free mice in contrast to conventional specific pathogen-free mice of congenic background. Moreover, complementation of the germ-free mice with a single non-pathogenic bacteria, either Lactobacillus plantarum or E. coli strain Nissle 1917, increased the expression of Nod2 and Rip2. These results highlight the significance of commensal microbiota in regulating Nod2 expression and elucidate how a balanced interaction between bacterial flora and the host immune system contributes to maintenance of intestinal homeostasis.
These findings, taken together, show the importance of the Nod2-Rip2 pathway in maintaining a much-needed homeostasis between the host immune system and the bacterial flora [50] . The commensals positively regulate the expression of Nod2, which in turn negatively controls the gut microbiota, keeping the bacterial load under check. A disruption in this balanced relationship leads to dysbiosis, which is known to underlie the pathogenesis of CD (Fig. 2 ) [2] . Apart from Nod2-Rip2, another pathway that plays a vital role in protecting the gut from invaders is the TLRMyD88 pathway [54] . Vaishnava et al. has described that intestinal Paneth cells can directly sense enteric bacteria through MyD88-dependent TLR activation and trigger the expression of anti-bacterial compounds. Although both pathways lead to protection of the gut, their mode of action is different. While the Nod2-Rip2 pathway mainly acts by maintaining the commensal flora at a steady state, MyD88 plays a more direct role, where Paneth cell-specific MyD88 signaling inhibits bacterial penetration of the host tissue [54] . Several studies have reported dysbiosis of microbial composition in CD patients, and metagenomic study showed a general decrease in the biodiversity of fecal microbiota in these patients [58] [59] [60] . Thus, the role of Nod2 in the context of commensal microbiota regulation is extremely important, as the dysregulation of microbial flora seems to be one the most significant contributing factors in the development of CD.
Crohn's disease pathogenesis: the role of NOD2 CD, a chronic inflammatory bowel disease (IBD), is a multifactorial disorder of the gastrointestinal tract. It is histologically characterized by massive transmural infiltration of lymphoctes and macrophages with granuloma. Although CD can affect any part of the gastrointestinal tract, inflammation is mainly isolated to the small intestine and colon. Uncontrolled mucosal inflammatory responses against gut microbial flora due to the disruption of the intestinal epithelial barrier and mucosal immunity play important roles in the pathogenesis of CD. Under normal physiological conditions, gut microbial flora colonize a nutrient rich area and, in turn, contribute to host metabolism and the proper development and maturation of the mucosal immune system [61] . Dysregulation or disruption of this physiological homeostasis due to genetic or environmental factors can initiate uncontrolled, chronic inflammation of the gut, leading to CD [62] . The initial detection of microbial components in the gut by PRRs like TLRs and NLRs triggers the host innate immune system.
Through familial clustering, studies of monozygotic twins and linkage analysis, it has been revealed that several genetic loci, termed IBD1-30 [63] , have a significant association with CD. Furthermore, Franke et al. reported 71 confirmed CD susceptibility loci through meta-analysis of CD genome-wide association studies [64] . One significant breakthrough in the study of CD is the identification of NOD2 as a CD susceptible gene through mapping of the IBD1 locus. NOD2 was identified as the first gene to be strongly associated with ileal CD susceptibility in North American and European populations [5, 6] . NOD2, encoded by the NOD2/Card15 gene, is located on human chromosome 16q12. In genetic studies of CD patients, three main variants, or polymorphisms, in the NOD2 gene were identified as risk factors for CD: (1) a frameshift mutation at position 1007 (1007 fs) that results in partial translation of the LRRs and early termination; (2) a glycine to arginine conversion at amino acid residue 908 (G908R); (3) an arginine to tryptophan conversion at amino acid residue 702 (R702W) [5, 6, 65] . All three variants alter the C-terminal portion of NOD2, which is within or close to the LRR domain.
Mechanistic models: Nod2 mutations causing CD
Depending on the animal model used, three hypotheses have been proposed for the mechanism by which NOD2 mutations contribute to CD pathogenesis ( Table 1 ). The first proposed a "gain-of-function" observation with Nod2 mutations. A mouse model was developed with a mutation at the residue corresponding to the CD L1007fs mutation, leading to the murine frameshift mutation NOD2 3020insC . Macrophages isolated from Nod2 2939iC mutant mice and stimulated with MDP resulted in increased NF-κB and IL-1β secretions when compared with those of wild-type mice. Moreover, upon oral treatment with dextran sodium sulfate, Nod2 2939iC mutant mice showed increased IL-1β and inflammation in the colon compared with wild-type mice [66] . Interestingly, these data contradict the "loss-offunction" observed in CD patients with Nod2 mutations, which results in decreased NF-kB activation [32, 33, [67] [68] [69] . Also, dendritic cells from CD patients homozygous for the L1007fs NOD2 mutation fail to produce cytokines and up-regulate the co-stimulatory molecules CD80 and CD86 upon MDP stimulation, showing a deficiency in the activation of the adaptive immune system [70] . These indicate that the mechanism behind inflammation in the Nod2 2939iC mice differs from that involved in human CD. The second animal model for the development of CD proposes that Nod2 acts as a negative regulator of TLR2 signaling. Splenic macrophages from these Nod2 deficient mice produced increased levels of IL-12 upon TLR2 stimulation through activation of the NF-κB subunit c-Rel [71, 72] . Therefore, it was proposed that elevated amounts of IL-12 promote IFN-γ production by T and NK cells and promotes enhanced growth and differentiation towards T helper type 1 (Th1) effector cells, thus promoting pathogenesis of CD [71, 73] . However, a major concern regarding this proposed model for CD development arises from contradicting observations by other groups. Uehara et al. showed a synergistic effect of MDP with synthetic ligands for TLR2 and TLR4 in the production of IL-8 by epithelial cells [30] . Furthermore, Nod2-deficient macrophages had normal responses when stimulated with the TLR2 ligand [74] . Stimulation of blood mononuclear cells from CD patients, harboring either wild-type or heterozygous NOD2 mutations, with the TLR2 ligand resulted in a synergistic production of TNF-α [68] . Recently, another group reported that Nod2 and TLR2 function independently in a murine model of arthritis, where they showed that a deficiency in Nod2 did not alter TLR2-dependent joint inflammation elicited by the synthetic TLR2 agonist, Pam 3 CSK 4 [75] . Thus, negative regulation of TLR2 by Nod2 is not a universal phenomenon and could be dependent on factors such as genetic background, cell type, and type and/or length of infection. In continuation, Watanabe et al. reported that administration of MDP protects mice from the development of experimental colitis by downregulating multiple TLR responses. Their study, Table 1 Possible mechanistic hypotheses of Nod2-associated CD pathogenesis
Hypothesis
Phenotypes Reference "Gain-of-function" Nod2 mutation MDP stimulation of macrophages from Nod2 2939iC mutant mice resulted in increased NF-κB and IL-1β secretions when compared with those of wild-type mice. Oral treatment of Nod2 2939iC mutant mice with dextran sodium sulfate, showed increased IL-1β and inflammation in the colon compared with wild-type mice [66] Nod2, negative regulator of TLR2 signaling Splenic macrophages from Nod2-deficient mice produced increased levels of IL-12 upon TLR2 stimulation through activation of the NF-κB subunit c-Rel [71, 73] Nod2 mutation leads to impaired Paneth cell function NOD2 mutations affect the expression of small anti-bacterial peptides from Paneth cells, increasing susceptibility to abnormal infection and inflammation in the gut [74, 81, 82] Nod2 mutations lead to the suppression of IL-10 expression 3020insC Nod2 protein actively inhibits IL-10 transcription by blocking the phosphorylation of ribonucleoprotein hnRNP-A1 via the mitogen activated protein kinase p38 [87] Nod2-mediated autophagy Nod2 directly interact with ATG16L1 for its recruitment at the site of bacterial entry, induce autophagy, and regulates bacterial clearance [89] [90] [91] and others, showed that pre-stimulation of cells with MDP reduces cytokine responses induced by multiple TLR ligands or whole bacteria [76, 77] . The above observation could be due to cross-tolerization of TLRs by chronic Nod2 stimulation rather than negative regulation as reported by Hedl et al. [78] . They found that pretreatment with MDP significantly decreased production of the proinflammatory cytokines TNF-α, IL-8, and IL-1β upon Nod2, TLR4, and TLR2 restimulation in primary human monocyte-derived macrophages [78] . The third model proposes that mutations in NOD2 may result in altered mucosal host-microbial interactions [7] . Paneth cells, specialized epithelial cells of the intestinal crypts of Lieberkühn, express high levels of Nod2 [53, 56] . Paneth cells release anti-microbial peptides in the intestinal lumen following stimulation with bacterial products such as the Nod2 ligand MDP [79] and play an important role in the innate regulation of gut microbiota. NOD2 mutations were found to affect the expression of small anti-bacterial peptides, which may increase the susceptibility to abnormal infection and inflammation of the gut. Crohn's NOD2 mutations are associated with the development of small intestinal (ileal) lesions, which correspond to the location of Paneth cells [80] . The link between Nod2 mutations and Paneth cell-derived defensins was discovered through a number of human and rodent studies [74, 81, 82] . Reduced mRNA expression of Paneth cell-derived α-defensins in Nod2-deficient mice was reported by our group. Moreover, these mice were more susceptible to oral infection with L. monocytogenes. We also showed that intestinal crypts lacking Nod2 are unable to kill bacteria efficiently, and increased loads of commensal and pathogenic bacteria are detected in the terminal ileum of Nod2-deficient mice [50] . In humans, CD patients with ileal involvement showed reduced levels of the Paneth cell-derived human α-defensins HD-5 and HD-6 [82] [83] [84] . This decrease in the amount of α-defensins occurs irrespective of NOD2 mutations, but levels are much more drastically reduced in CD patients harboring NOD2 mutations [82] . Among CD patients with mutations in NOD2, all had a decrease in the expression of α-defensins, and those with the common frameshift mutation NOD2 3020insC had an approximately threefold more pronounced decrease than others [82] . Recently, Simms et al. reported that the decreased expression of α-defensins in CD patients is a consequence of inflammation and is independent of NOD2 mutations, proposing that loss of anti-microbial function might be secondary to active CD rather than being responsible for the inflammation [83] . In response to the above report, Bevins et al. proposed that the decreased expression of α-defensins in ileal CD, whether or not there was an identified mutation in NOD2, was independent of tissue inflammation [85] . These diverse research endeavors reveal the complex manifestation of CD. The conceptual belief that CD may result from abnormal host-microbe interactions is very appealing, but a good animal model to study that is yet lacking. We have recently reported a mouse model of ileal CD in Nod2-deficient mice that has many similarities with the human CD manifestation [86] . We showed that deficiency of Nod2 in mice leads to the development of granulomatous inflammation in the ileum upon H. hepaticus inoculation and that proper Nod2 function in nonhematopoietic cells of the gut is important. We were also successful in demonstrating that restoration of Paneth cell bacterial-killing activity in Nod2-deficient mice can exhibit protection against ileal inflammation induced by H. hepaticus. Therefore, bacterial killing controlled by Nod2 expression in Paneth cells plays an important role in ileal mucosal homeostasis.
Newly proposed models
Recently, different research groups have proposed different working models for the association of Nod2 with CD. One model proposes that NOD2 mutations lead to the suppression of IL-10 expression [87] . Previously, Netea et. al. reported that peripheral blood mononuclear cells from CD patients with the 3020insC frameshift mutation showed a defect in the production of IL-10 upon stimulation with the TLR2 ligand Pam 3 CSK 4 [88] . Noguchi et al. showed that the 3020insC Nod2 protein actively inhibits IL-10 transcription by blocking the phosphorylation of ribonucleoprotein hnRNP-A1 via the mitogen activated protein kinase p38 [87] . However, the same group also showed that the reduction in IL-10 production by cells carrying the NOD2 mutation is specific to MDP stimulation and that the same cells produced IL-10 normally upon TLR simulation. Together, these results suggest that the reduction of IL-10 production might be simply due to the absence of MDP sensing by the mutation in Nod2 [87] .
Three interesting reports have also surfaced linking Nod2 with autophagy [89] [90] [91] . Autophagy is a survival mechanism induced by starvation where cell components are broken down to provide nutrients. The ubiquitin-like autophagy-related proteins (ATG)5, ATG7, and ATG16L1 are components of a large protein complex essential for autophagy and, interestingly, polymorphisms of ATG16L were found to be associated with CD. Cooney et al. showed that Nod2, in the presence of MDP, induces autophagy in dendritic cells dependent on Rip2, ATG5, ATG7, and ATG16L1. They further showed that dendritic cells from patients harboring CD-associated NOD2 or ATG16L1 mutations are defective in bacterial handling and autophagy induction [89] . Travassos et al. showed that both Nod1 and Nod2, independent of RIP2 and NF-κB, are important for bacterial handling through autophagy, where they directly interact with ATG16L1 for its recruitment at the site of bacterial entry [90] . These studies draw similar inferences but propose contradictory mechanisms, one being RIP2 dependent, the other being RIP2 independent. A third report by Homer et al. showed that anti-bacterial activity was disrupted in epithelial cells harboring the CDassociated ATG16L1 variant upon Nod2 mediated MDP stimulation [91] . Interestingly, this study showed that bacterial handling by monocytic cells in response to MDP is not altered in the CD-associated ATG16L1 variant. These independent studies tried to show a functional link between Nod2 and ATG16L1, which have a close association with CD susceptibility and thereby combine the two strongest risk factors of CD.
Perspectives
The studies using Nod2-deficient mice showed that Nod2 is critical for the function of bactericidal activity of ileal crypts and the regulation of microbiota of the ileum. Therefore, it is tempting to speculate that ileal CD caused by Nod2 mutations is due to the dysfunction of Paneth cells (Fig. 2) . In this scenario, microbiota in the terminal ileum is tightly regulated by bacterial-killing activity at the terminal ileum in healthy individuals. This restricts both pathogenic and non-pathogenic bacteria as well as bacterial antigens that constitutively stimulate the intestinal immune system. In the intestines of Nod2-deficient mice or CD patients with NOD2 mutations, Paneth cells are unable to control microbiota due to impaired bactericidal activity. This may lead to bacterial overload in the terminal ileum. An increase in the load of microbiota alone is likely not sufficient to induce chronic inflammation and may simply enhance "physiological inflammation," which is tightly regulated by various immune mechanisms. However, in conjunction with other genetic, environmental and immunological factors, dysbiosis of bacteria may significantly increase susceptibility to ileal inflammation by enhancing stimulation of the intestinal immune system beyond the controlled physiological threshold, leading to pathological changes and finally to chronic inflammation in CD. Although the studies of Nod2 deficient mice and CD patients for α-defensin gene expression support this scenario, an actual confirmation would require further research into the association among microbial flora communities, NOD2 genotype and inflammation.
A finding of interest is that Nod2-deficient crypts have greatly reduced bacterial-killing activity. In mouse and humans, Nod2 apparently regulates only a limited subgroup of defensins in Paneth cells. Paneth cells also express other compounds such as lysozyme, RegIIIγ, phospholipase A, or cathelicidins, whose expression is Nod2-independent. However, Nod2-deficient crypts are unable to kill several strains of both Gram-positive and Gram-negative bacteria. It would be interesting to know if the function of Nod2 in Paneth cells is limited to the regulation of subsets of defensins or may have a more general role in the Paneth cell function.
Although more studies are needed to fully explain the association of Nod2 function and intestinal microbiota, recent studies have clearly shown the importance of Nod2 in mediating interactions between microbiota and the intestinal immune system. Since dysbiosis of commensal flora and reduced defensins are associated with CD, it is tempting to postulate that the regulation of microbiota using defensins or other anti-bacterial compounds may be useful as therapeutic tools for prophylactic purposes or the treatment of actual symptoms in individuals with a susceptible genetic background. Defensins and other intestinal anti-bacterial compounds are natural "antibiotics," and it is unlikely that intestinal bacterial flora will acquire further resistance, as defensins have been an effective bacterial-killing tool throughout the co-evolution of host and microbiota. Further studies on CD-associated microbiota and the generation of appropriate models will be needed.
